times higher likelihood of having 2 recurrent cerebrovascular events compared with patients with SCD only. 8 The standard of care for lowering stroke risk in SCD patients entails chronic blood transfusions with a target fraction of hemoglobin S less than 30%. 7, 14, 16, 20 However, for patients with combined SCD-MMS, the efficacy of transfusion therapy is limited, and the role of revascularization surgery is not well delineated. Recent studies have reported on the use of surgical revascularization in SCD-MMS patients and have suggested a posttreatment risk reduction of recurrent strokes when compared with the pretreatment risk. [9] [10] [11] 18 Despite promising results, the generalizability of these studies is limited by a lack of control groups comprising conservatively managed SCD-MMS patients. 9 Without directly comparing surgical and medical management groups, the relative effectiveness and safety of surgical revascularization for lowering stroke risk in SCD-MMS patients remains unclear. The current study was therefore undertaken to compare the effectiveness of surgical versus medical management for preventing stroke in patients with SCD-MMS.
Methods

Study Cohort
We retrospectively reviewed our database of patients with a diagnosis of moyamoya disease or MMS who were seen in our institution between January 1990 and October 2015. This study was approved by our institutional review board. The diagnosis of MMS was determined by direct digital subtraction angiography (DSA) readings or documentation depicting internal carotid artery terminal stenosis with the presence of moyamoya collateral vessels. Data regarding pediatric patients (< 18 years) with a confirmed diagnosis of SCD were retrieved from the database. Both surgically treated and conservatively managed patients were included in this study. Patients with incomplete baseline data and those lost to follow-up were excluded from our study.
Definition of Variables, Treatment, and Outcomes
Demographic, clinical, and angiographic data were retrieved from electronic patient records. Patient age was defined as the age at time of MMS diagnosis. Baseline stroke included both silent strokes and symptomatic strokes before the diagnosis of MMS. Two management groups were defined: conservative and surgical. Patients who underwent initial conservative management over 5 years but crossed over to the surgical group due to progressive worsening of symptoms or strokes were still included the conservative management group, since the revascularization procedure was considered as a salvage management strategy. The follow-up period was defined as the interval between the first surgical treatment and last follow-up for surgically managed patients, or the interval between MMS diagnosis and last follow-up for conservatively treated patients. Our primary outcome measure was stroke recurrence.
All patients who underwent surgery underwent indirect revascularization by encephalo-duro-arterio-synangiosis (EDAS, n = 3), encephalo-duro-arterio-myo-synangiosis (EDAMS, n = 1), or pial synangiosis (n = 4). The main difference with the pial synangiosis procedure was opening of the arachnoid layer and suturing the superficial temporal artery to the pial surface in accordance with previously reported series. 3, 10 Five patients underwent bilateral revascularization procedures, and 4 of these patients underwent bilateral craniotomies on the same day during 1 anesthesia session.
Data Analysis
Baseline characteristics and follow-up stroke occurrence were compared between surgically treated and conservatively treated patients. The Student t-test was used for continuous variables, and the chi-square test was used for categorical variables. The incidence rate of recurrent strokes after surgical intervention or conservative management was represented as cases per 100 patient-years and was determined by dividing the total number of strokes at follow-up by the total follow-up period. Statistical significance was defined as p < 0.05, and all statistical analyses were performed using R statistical software (version 3.1.1, 2013).
Results
Patient Population and Baseline Characteristics
A total of 15 pediatric patients with SCD-MMS met our inclusion criteria. Detailed illustration of the patient selection process at each step is depicted in a flow diagram (Fig. 1) . Further characterization of each patient is listed in Table 1 , and an illustrative case is shown in Fig. 2 . Among these patients, 7 patients were initially managed surgically, and 8 patients were managed conservatively. One patient in the conservative group crossed over to the surgical group because of recurrent bilateral stroke after 6 years of chronic transfusion therapy. The average age at moyamoya diagnosis was 9.0 ± 4.0 years. Nine patients (60.0%) were female, and all patients were African American. The average age at first stroke was 6.6 years, with the majority being unilateral strokes (n = 13, 86.7%). Only 1 patient was asymptomatic at presentation; this patient underwent carotid transcranial Doppler ultrasound screening that revealed increased blood flow velocity, leading to further angiographic workup and a subsequent diagnosis of MMS. All patients with right-sided and bilateral strokes were selected for a revascularization procedure (p = 0.033). No significant differences between the 2 groups were found for other variables (Table 2) .
Chronic Transfusion, Revascularization, and Outcome
A total of 14 patients (93.3%) were managed by chronic transfusion, with the majority being on a monthly transfusion regimen (n = 10). Only 1 patient received transfusions as needed due to mild symptoms and noncompliance of the patient for chronic transfusion. All patients experienced different degrees of iron overload, with average ferritin levels at 2070.0 ± 1902.5 ng/ml. While the conservative group had a higher ferritin level compared with the surgical group, the difference was not statistically significant (p = 0.363). The average hemoglobin level was approximately 9.5 g/dl, and average percentage of hemoglobin S was 22.4%, with no differences between the treatment groups. All revascularization procedures were performed via indirect anastomosis. Among patients who underwent revascularization, 2 patients were treated only on the right side, and the other 5 patients were treated bilaterally. Of the 2 patients with unilateral revascularization, one patient (Case 9) presented with right-sided stroke only and therefore underwent revascularization on the right side. The other patient (Case 11) presented with an episode of bilateral ischemic attack; MRI demonstrated nonacute infarctions bilaterally and DSA revealed moyamoya-like vessel changes on the right side. Therefore, provided with no acute left-sided strokes and appearance of right-sided MMS, a decision was made to only perform a right-sided pial synangiosis. Of note, 3 patients (42.8%) experienced transient ischemic attacks (TIAs) during the immediate postoperative period in the hospital, but all patients recov- ered to baseline without subsequent major stroke events. These TIAs were marked by recurrent weakness, speech disturbance, or gait instability and occurred between the perioperative period and 1 month after surgery. One patient in the conservative group crossed over to the treatment group because of recurrent bilateral strokes 6 years after MMS diagnosis, and no strokes occurred after the revascularization procedure.
During an average follow-up period of 11.6 years (174.6 patient-years), 4 patients experienced recurrent stroke, translating to a general risk of 2.3 events per 100 patientyears (2.3% per year) in this population. All 4 patients with recurrent stroke had been managed conservatively, rendering an annual risk of stroke of 4.2% in the conservative group and 0.0% in the intervention group. The control of recurrent strokes was superior in the surgical group compared with the conservative group (p = 0.029). Kaplan-Meier survival analysis of stroke-free survival comparing conservative management and surgical intervention is shown in Fig. 3 ; the log-rank test did not show significance (p = 0.200) between the 2 modalities despite distinct visual separation of the curves. As shown in Table   1 , all patients were able to continue education at school or complete 12th grade education. One patient (Case 10) experienced severe headaches at baseline; the revascularization procedure did not improve her symptoms, and her education was temporarily interrupted at last follow-up to undergo evaluation for bone marrow transplant. Of those older than 18 years at last follow-up (n = 7), 5 patients were unemployed, and 2 patients (one conservatively managed and the other treated with bilateral pial synangiosis) were able to continue higher education in college with minimal complaints.
Discussion
Higher Risk of Stroke in SCD-MMS Patients
This retrospective cohort study examined the safety and effectiveness of surgical revascularization for select SCD-MMS patients. To our knowledge, this study represents one of the first to directly compare the risk of recurrent strokes between conservatively and surgically managed groups in this population. The majority of patients (93.3%) experienced at least one symptomatic stroke prior to presentation, and many (46.7%) were found to have silent infarctions on further workup after presentation. Despite a known risk of stroke in the general SCD population at approximately 10%, 1,2,7,19 the risk of stroke in SCD-MMS patients is significantly higher. In a review of 30 patients with SCD-MMS by Kennedy et al., the proportion of patients with ischemic strokes has been noted to be 77.0% (range 71.0%-100.0%). 11 In concordance with this result, a more recent study by Griessenauer et al. examined 48 SCD patients who were on a regimen of chronic transfusion. 9 The authors identified 14 patients with combined MMS, of whom 71.4% presented with stroke. In our experience, 14 of 15 patients (93%) experienced a symptomatic stroke prior to diagnosis, confirming the high risk of strokes in this select population.
In addition to more frequent stroke presentations, SCD-MMS patients also appeared to be at significant risk of recurrent strokes compared with patients with SCD only. Dobson et al. first reported moyamoya collaterals as a significant predictor of subsequent strokes in SCD patients after being placed on a regimen of chronic transfusion therapy. 7 In their cohort of 19 SCD patients with angiographically confirmed moyamoya-like collaterals, the average age at first stroke was 7.8 years, and 11 patients (58%) experienced recurrent strokes after the first stroke during a follow-up period of 8.1 years. This result is quite similar to our study's findings, which demonstrated a recurrent stroke risk of 50.0% in the conservative treatment group.
Conservative Versus Surgical Intervention for SCD-MMS Patients
Chronic blood transfusions are considered standard and effective primary treatment to prevent recurrent stroke in patients with SCD, whereas for secondary stroke prevention it is also recommended.
13, 23 Hydroxyurea may be an alternative for secondary stroke prevention, but may be less effective than transfusions. 22 The utility of blood transfusions in primary stroke prevention in SCD patients
FIG. 2.
Case 11. A 6-year-old girl with history of sickle cell disease presented with headaches, mild slurred speech, and left-sided weakness. The patient's medical history was significant for a left-sided stroke, followed by a bilateral stroke at the age of 4 years, which left the patient with subtle residual weakness and occasional headaches. She was managed on a chronic monthly transfusion regimen after her second stroke. T2-weighted FLAIR MRI showed bilateral periventricular hyperintense signals that were more pronounced on the right. The patient was evaluated for surgical management due to concern of growth of hyperintensities on follow-up MRI (A) and underwent uncomplicated right-sided pial synangiosis. DS angiograms of the right external carotid artery preoperatively (B) and 2 years postoperatively in the early (C) and late (D) arterial phases reveal improved revascularization of the posterior twothirds of the right middle cerebral artery territory. On last follow-up at the age of 10 years, the patient has been actively maintained on a regimen of regular transfusion therapy and has not suffered additional episodes of strokes since surgery.
with elevated transcranial Doppler ultrasound velocities has been unequivocally established through landmark studies such as the STOP (Stroke Prevention in Sickle Cell Anemia) trial, which showed a 92% risk reduction of stroke in the intervention arm. 2 Subsequently, Adams and Brambilla conducted the STOP 2 trial, which confirmed the adverse effects of discontinuing blood transfusion at 30 months, demonstrating the efficacy of life-long transfusion therapy for stroke prevention in SCD patients.
1 Separately, DeBaun et al. suggested in the SIT (Silent Cerebral Infarct Multi-Center Clinical Trial) study that patients with existing silent cerebral infarctions undergoing routine blood transfusions were half as likely to experience stroke progression compared with those managed by observation only. 4 However, chronic transfusions may expose patients to significant iron overload, which can lead to alloimmunization. 5, 6, 12 Indeed, our study corroborates the concern for iron overload, as the average ferritin level in our patients exceeded 2000 ng/ml. The ongoing TWiTCH (TCD With Transfusions Changing to Hydroxyurea) trial was initiated to evaluate hydroxyurea as an alternative to chronic transfusion in pediatric patients who have undergone at least 1 year of transfusion therapy; recently published Phase III trial results were promising regarding the stroke prevention effect of hydroxycarbamide. 21 Contrary to the high-quality evidence for stroke prevention in pediatric patients with SCD only, there is currently no Level I/II evidence available for SCD-MMS patients, which is largely attributable to the scarcity of this devastating combination. Conservative management for this particular cohort appears suboptimal; 7 conversely, in procedure-oriented series, stroke prevention is suggested to be optimal for patients undergoing indirect revascularization procedures. [9] [10] [11] 17, 18 Nevertheless, without solid evidence confirming the effectiveness of surgical revascularization in this rare disease combination, the decision-making process for best prognosis is challenging. At our institution, conservative management is the primary modality of management, and surgical intervention is reserved for patients with deteriorating clinical condition under con- servative management. However, individualized selection of treatment based on physician experience is common, given the lack of evidence. Our study, which is one of the first to directly compare both conservatively and surgically managed patients at a single center, demonstrates the effectiveness of revascularization in the prevention of recurrent strokes in the pediatric SCD-MMS population over conservative medical management. It is important to note, however, that despite surgical intervention, all patients in the revascularization cohort were maintained on a regimen of blood transfusions to continue the protective effect of conservative treatment. In other surgical cases, reduced or discontinued transfusion therapy has been described by Smith et al. 18 Based on previously reported results with surgery and findings from our study, it seems reasonable to study the reduction in transfusion frequency after surgical revascularization to decrease iron levels.
Study Limitations
One of the major concerns in this study is the associated selection bias in which patients with higher risk of stroke were selected for surgical intervention. However, this bias was in favor of our conclusion in that, despite considered higher risk for stroke, none of the patients in the surgical group experienced further stroke after intervention. Given the rare nature of this disease combination, our case series is limited by sample size. Regardless, the statistical significance of our findings suggests that surgical revascularization is effective in reducing recurrent stroke risk in SCD-MMS patients. As SCD is a lifelong disease, an incomplete observation bias may exist if follow-up times are limited. However, our average follow-up period of 11.6 years represents an interval almost twice the median interval to recurrent strokes in our study (5.7 years), implying that most likely we were able to successfully detect our primary end point.
Conclusions
To the best of our knowledge, our study represents the first attempt to directly compare conservative management with surgical revascularization in patients with SCD-MMS. Despite a limited sample size, our results indicate a potential benefit in stroke prevention with surgical revascularization. Our results are in accordance with those of recent reports of a high risk of stroke in conservatively managed SCD-MMS patients. Moreover, we show a potential reduction in recurrent stroke for patients who underwent surgical revascularization. For patients with deteriorating clinical conditions under conservative management, we believe that surgical intervention may maximize the effect for stroke prevention. Further prospective stud- ies are warranted to delineate this potential benefit in this select group of highly challenging patients.
